Introduction
Gliomas are the most common primary tumors of the human central nervous system. 1 Despite tremendous efforts to improve the prognosis of glioma patients over the past four decades, very little progress has been made, especially in patients with high-grade gliomas (grades III and IV). 2 As in other cancers, glioma progression is accompanied by abnormal molecular changes. 3, 4 Several molecules are vital in the pro-or antisurvival pathways. 5, 6 Therefore, the identification and/or development of chemotherapy agents that selectively target molecular events linked to cancer progression may be an effective approach for the treatment of glioma. 7 Signal transducer and activator of transcription 3 (STAT3) is a transcription factor that integrates signals from extracellular stimuli and regulates genes involved in many important cellular processes, such as cell cycle progression, apoptosis, and angiogenesis. 8, 9 The role of STAT3 as a crucial oncoprotein in tumorigenesis has been extensively studied. [10] [11] [12] After activation, phosphorylated-STAT3 could induce expression of genes that participate in oncogenesis, such as apoptosis inhibitors (HIAP-1, Bcl-2, and Survivin), and cell-cycle regulators (cyclin D1). 13, 14 Its expression and activation have also been correlated with reduced survival and poor prognosis in patients with glioma. 15, 16 Therefore, STAT3 is considered a promising target for glioma therapy, and its inhibition using multiple approaches has been shown to induce growth arrest and apoptosis in glioma cells both in vitro and in vivo. [17] [18] [19] Interest in the identification of novel anticancer agents derived from natural sources has been growing exponentially. These agents provide an alternative approach to 22, 23 neuroprotection, 24, 25 and hepatoprotection. 26 Recent research has indicated that PF might be a potent antitumor agent. It induced cell cycle arrest of HT29 colorectal cancer cells through the activation of p53/14-3-3 zeta. 27 It also suppressed NF-κB activation and enhanced 5-fluorouracil-induced apoptosis in human gastric carcinoma cells. 28 In this study, we demonstrated that PF inhibited proliferation and induced apoptosis of glioma cells. Additionally, we explored its antitumor activity via ubiquitylation and downregulation of STAT3. These attributes make PF a promising candidate compound for the treatment and prevention of glioma. 
Materials and methods

Western blot
Treated cells were washed in ice-cold PBS and extracted with ProteoJET™ Mammalian Cell Lysis Reagent (Fermentas, Burlington, ON, Canada) supplemented with protease and phosphatase inhibitors (Fermentas) according to the manufacturer's instructions. Protein (20-40 μg) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 8%-10% gels and then transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). Blots were blocked for 1 hour at room temperature with 5% bovine serum albumin (Sigma-Aldrich) in Tris-buffered saline/0.1% Tween-20. The blots were then incubated with specific primary antibodies at 4°C overnight. The blots were then incubated with horseradish peroxidase-linked secondary antibodies for 1 hour at room temperature. After additional washes, signals were detected using SuperSignal ECL (Pierce, Rockford, IL, USA). 
Overexpression of wild-type STAT3
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Total RNA was extracted from U87 and U251 cells after treatment with PF for 24 hours using an E.Z.N.A. Total RNA Kit (Omega Bio-Tek, Norcross, GA, USA). RNA was then reverse-transcribed using a Prime-Script II 1st Strand cDNA Synthesis Kit (Takara, Shiga, Japan). For validation, realtime polymerase chain reaction (PCR) was performed using a SYBR Premix Ex Taq Kit (Takara) and an ABI Vii7 detection system (Applied Bio-systems, Foster City, CA, USA). The reaction conditions were: 95°C for 30 seconds, 95°C for 5 seconds, and 60°C for 34 seconds (40 cycles). The nucleotide sequences of the primers used for amplification were: STAT3 (forward, 5′-GCTTCCTGCAAGAGTCGAAT-3′; reverse, 5′-ATTGGCTTCTCAAGATACCTG-3′) and β-actin (forward, 5′-AGCGCGGCTACAGCTTCA-3′; reverse, 5′-GGCCATCTCTTGCTCGAAGT-3′).
Immunoprecipitation of STAT3 for ubiquitination assay
To assess the ubiquitin regulatory ability of PF in glioma, cells were treated with PF or vehicle for 24 hours, extracted with lysis buffer, and then centrifuged at 13,000× g for 20 minutes at 4°C. The cleared supernatants were removed, mixed with STAT3 antibody, and incubated for 1 hour at 4°C. Next, 20 μL of resuspended volume of Protein A/G PLUSAgarose was added to the mixture, followed by incubation at 4°C on a rotating device overnight. The beads were collected by centrifugation at 10,000× g for 2 minutes and washed three times in cold PBS containing protease inhibitors and phosphatase inhibitors. The immunoprecipitation complex was subjected to SDS-PAGE, followed by immunoblotting with antiubiquitin antibody to detect polyubiquitinated STAT3 protein. Immune complexes were visualized using an enhanced chemiluminescence kit. statistical analysis SPSS 13.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data were presented as the means ± SD. Statistical analysis of in vitro drug assays was performed by using the one-way ANOVA test and post hoc Bonferroni-corrected t-test. P,0.05 was considered statistically significant.
Results
Paeoniflorin inhibits human glioma cell proliferation
Cells were treated with different concentrations of PF for the indicated time periods, and MTT assay was used to measure cell viability. As shown in Figure 1A and B, cell viability was significantly decreased in a dose-and time-dependent manner in PF-treated cells (P,0.05). To assess the effect of PF on apoptosis, PF-treated cells stained with Annexin V-FITC/PI were analyzed by flow cytometry. Data shown in Figure 1C -F indicate that PF treatment increased apoptosis of glioma cells.
STAT3 mediates the role of paeoniflorin in glioma cell proliferation and apoptosis
The ability of PF to modulate STAT3 in glioma cell lines was investigated. PF was found to downregulate both total STAT3 and pSTAT3 protein levels in a time-and dosedependent manner (Figure 2A -H, P,0.05). Several signaling molecules downstream of STAT3, including HIAP, Bcl-2, cyclin D1, and Survivin, were also decreased by PF treatment in a time-and dose-dependent manner ( Figure 3A and B). These findings confirm that PF modulates STAT3 signaling in U87 and U251 cells.
If STAT3 is a key target of PF, then forced overexpression of STAT3 should attenuate its antitumor effects. To test this hypothesis, we conducted a STAT3-overexpression experiment using cDNA of wild-type STAT3. The wild-type STAT3-overexpressing U87 cells showed increased expression of total and phosphorylated STAT3 (Figure 4A-D) . STAT3 overexpression in U87 cells significantly attenuated the PF-mediated decrease in p-STAT3 ( Figure 4C and D) , indicating that the decrease of p-STAT3 might be due to STAT3 modulation. As expected, STAT3 overexpression attenuated the antiproliferative and proapoptotic effects of PF, in comparison with their respective control groups (Figure 4E-G) . These findings suggest that PF might function, at least in part, via downregulation of STAT3 in glioma cells.
Paeoniflorin promotes ubiquitin-mediated STAT3 degradation
To investigate the mechanism by which PF decreases STAT3 expression, we first evaluated mRNA expression using real-time PCR after incubation with 20 mM PF or vehicle for 24 hours in both cell lines. There was no significant change in mRNA levels following PF treatment compared to the control group ( Figure 5A ). Next, using cycloheximide (CHX), an inhibitor of de novo protein synthesis, we showed that PF treatment influences STAT3 protein stability. As shown in Figure 5B -E, the half-life of STAT3 protein in cells treated with PF and CHX was much shorter (~12 hours in U87 and ~13 hours in U251, respectively) than in cells treated with CHX alone (~24 hours for both) . Thus, the degradation of STAT3 was significantly accelerated when treated with PF and CHX. These results indicate that PF influences STAT3 protein stability without affecting its transcription in glioma cells.
Both proteasomes and lysosomes are important mediators of degradation of cellular proteins. To determine which process was involved in PF-induced turnover of STAT3, cells were pretreated with the proteasomal inhibitor, MG132, or Figure 6A -D, lysosomal inhibition did not rescue PF-induced STAT3 downregulation. In contrast, MG132 pretreatment completely blocked PF-mediated degradation of STAT3 in both cell lines. We next performed an in vitro ubiquitination activity assay to examine the role of ubiquitination in PF-mediated proteasomal degradation of STAT3 in both glioma cell lines. Interestingly, degraded STAT3 could be detected using an antiubiquitin antibody, indicating that STAT3 was ubiquitinated during PF-induced degradation. Specifically, we demonstrated that the intensity of the smeared bands of STAT3 in PF-treated cells was stronger than that in control cells ( Figure 6E ). These results indicate that the ubiquitin-proteasome pathway (UPP) plays an important role in PF-mediated STAT3 degradation in glioma cells.
Discussion
In this study, we have shown that PF inhibits proliferation and induces apoptosis of human glioma cells. Importantly, we have provided evidence that PF regulates STAT3 turnover via the ubiquitin-proteasome system. Therefore, PF is the first natural product targeting STAT3 for ubiquitin-mediated proteasomal degradation.
STAT3 protein is present in the cytoplasm in an inactive form until it is phosphorylated by receptor-associated kinases. Activated JAK kinases phosphorylate STAT3 at the tyrosine residue in its SH2 domain. This phosphorylation event releases p-STAT3 from the receptor, allowing it to then homo-or heterodimerize with other STAT proteins. Dimerized STAT3 translocates to the nucleus and binds to promoters containing its cognate DNA-binding sequence. The targeting and disruption of oncogenic STAT3 signaling may be achieved via multiple approaches. Newly discovered chemotherapeutic reagents targeting STAT3 mainly act by inhibiting its tyrosine 705 phosphorylation. [29] [30] [31] In this study, we found that PF strongly inhibits the STAT3 pathway. Specifically, PF decreases levels of total and phosphorylated STAT3 as well as several of its downstream targets. Unlike other chemotherapeutic agents that target the STAT3 pathway, PF did not directly inhibit phosphorylation at tyrosine 705. As shown in Figure 2 , the expression levels of p-STAT3 protein correlated with those of STAT3. When STAT3 was overexpressed in PF-treated U87 cells, it rescued p-STAT3 protein level as well as cellular proliferation and antiapoptosis (Figure 4) . These data clearly demonstrate that PF inhibits cell proliferation and induces apoptosis by suppressing STAT3 signaling, which was not mediated by dephosphorylation of STAT3, but by the levels of STAT3 itself.
In all tissues, proteins are mainly degraded via the UPP or by lysosomes. Lysosomes mainly degrade extracellular and some cell-surface proteins, while proteasomes degrade intracellular proteins that are aberrantly folded or normally short lived. 32 These proteins are recognized by a specific E3 ubiquitin ligase and conjugated to polyubiquitin, which is then degraded by the proteasome in an ATP-dependent manner. These changes in the fates of individual proteins can, in turn, induce global changes in cell signaling, thus regulating cell proliferation and apoptosis. The clinical success of bortezomib, which targets the UPP-mediated degradation of proteins in cancer cells, illustrated the importance of ubiquitin-mediated signaling in cancer and stimulated further research in this field. 33, 34 Natural products can also trigger the ubiquitin-mediated turnover of some proteins, leading to antiproliferative and proapoptotic effects in cancer cells. [35] [36] [37] [38] [39] A previous study showed that fucoidan, a polysaccharide extracted from brown seaweed, enhanced the UPP-mediated degradation of transforming growth factor receptor (TGFR) and reversed TGFR-induced epithelial-to-mesenchymal transition in breast cancer cell lines. 40 In this study, STAT3 mRNA expression was not altered by PF treatment ( Figure 5A ). In addition, CHX and PF increased the rate of STAT3 degradation ( Figure 5B-E) . Therefore, the reduction of STAT3 by PF was not caused by synthesis inhibition, but by its accelerated degradation. MG132, a proteasome inhibitor, reversed STAT3 degradation ( Figure 6C and D) , whereas CQ, a known lysosome inhibitor, had no effect on STAT3 regulation ( Figure 6A and B) . We also detected increased ubiquitin-STAT3 complexes following PF treatment in both cell lines ( Figure 6E) .
Recently, Wang et al 27 observed that PF inhibited the growth of HT29 colon carcinoma xenografts in nude mice. A dose of 1 g/kg PF/d caused no loss in bodyweight or diet consumption by oral gavage for 6 weeks compared with the control group. However, its inhibitory effects have not been evaluated yet. On the other hand, PF is an orally administered bioactive reagent that may act in the central nervous system, its ability to penetrate the blood-brain barrier should also be evaluated in future studies. Although we have demonstrated that PF promotes the UPP-mediated degradation of STAT3, the exact molecular mechanism is still unclear. As mentioned earlier, E3 ubiquitin ligase is a key player during UPPs, and many small molecules including some natural compounds specifically target E3 ubiquitin ligase to initiate Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Paeoniflorin induces STAT3 ubiquitination and degradation the ubiquitin-mediated proteasomal degradation. 36, 41, 42 As a result, we attempted to determine if any molecules (especially E3 ubiquitin ligase) were involved in PF-induced degradation of STAT3, but research in this field is limited. 43, 44 TMF/ ARA160 and the E3 ligase TRAF6, which were reported to be involved in the UPP-mediated degradation of STAT3, 43, 44 were also investigated in this study (data not shown). Unfortunately, no significant differences were observed in their expression after PF treatment in two glioma cell lines.
Conclusion
In conclusion, we present the anticancer properties of PF in glioma cell lines. PF may achieve its antiproliferative and proapoptotic effects by reducing protein expression of STAT3 and its downstream targets. Furthermore, PF caused STAT3 degradation via the UPP. This is the first evidence that STAT3 is targeted for UPP-mediated degradation by a natural product. These data not only suggest that PF is a potential therapeutic candidate for glioma, but also demonstrate that the inhibition of STAT3 by its UPP-mediated degradation is an efficient strategy for cancer prevention and the discovery of new chemotherapeutic agents.
